The aim of this study is to review the literature on the methods of low-rank coal enrichment by using microorganisms and their metabolites. Effective bio-beneficiation technologies for low-rank coals in the future are also suggested throughout this paper. An extensive literature review highlights recent advances in bio-beneficiation technologies for low rank coals. This paper presents the state of the art in the field of the bio-beneficiation technology -carbon leaching with the aid of microorganisms, especially fungi. The knowledge of the low-rank coals leaching is an important step to meet the carbon eco-requirements and improve the economics of mining companies. There are several reasons to investigate microbial activities towards coal. This paper presents the current state of knowledge concerning bioleaching of coal. Thus, in view of the increasing importance of hard coal as a raw material and energy source, it seems hopeful to study the potential of microorganisms to modify the low-rank coal structure.
INTRODUCTION
The result of continuously increasing demand for energy is the depletion of fossil fuels. However, in most cases the quality of raw coals does not qualify them for further use and the coals must be adapted to the needs of users. About 50% of the world's total coal deposits are low rank coals. Adaptation of coal quality parameters to the requirements and needs of specific customers involves removing useless ingredients, e.g., stone, sand, pyritic sulphur, metals, etc. The processes of coal quality improvement are defined as the enrichment/beneficiation of coals. These processes are also an important step to meet the carbon eco-requirements and improve the economics of mining companies. Coal enrichment methods can be divided into physical (gravity and magnetic separation), chemical (leaching), physico-chemical (flotation and oil agglomeration) and biobeneficiation technologies using microorganisms (bioleaching). Physical and chemical methods, however, display a negative impact on the environment. Therefore, the need to develop environmentally friendly methods is still important [Xie and Peng 2015] . The idea that microorganisms (especially bacteria) might be able to modify the physico-chemical structure of coal is not new, but due to the heterogeneous structure of coal it has its own challenges. The microbial conversion of coal has attracted much attention through the past decades. While this technology has great potential, there is a number of involved problems to be solved. Such methods are known as bioleaching, bio-demineralization, and biodesulphurization. The removal of mineral matter from coal has been practiced since long time and it has been known that fungi and bacteria can conduct conversion of coals [Sand et al. 1992 
LOW RANK COALS ENRICHMENT
Coal is the complex of organic and inorganic compounds and water. Organic compounds are composed of carbon, oxygen, nitrogen, sulphur and many trace elements. From the geological point of view coal is a fossil solid fuel of dead-plant-remain origin. Coal inorganic compounds derive from the mire from water-borne or wind-borne sediments, muds, sand, mire water, dust, ash or elements in the original vegetation. The coal quality as fuel is determined by many factors, i.e., 1) percentage of fixed carbon; 2) moisture (inherent water); 3) volatile matter; 4) calorific value; and 5) content of mineral matter and sulphur. Coal rank can be classified as follows (from lowest to highest): lignite (called brown "coal"), subbituminous coal, bituminous coal, and anthracite. Each group can be further classified with more details [Krasiński and Piwocki 2002, Schweinfurth 2009 ]. Leading countries in the mining of brown coal are: Germany, USA, Australia, Turkey, Russian Federation, countries of former Yugoslavia and Poland. In Poland the lignite has been exploited from more than 200 years. Currently, the lignite is being exploited in central (Bełchatów, Konin, Adamów) and south-eastern Poland (Turów) [Krasiński and Piwocki 2002, Bielowicz 2010] . Due to the fact that the lignite is a type of the coal geologically younger compared to the others, this fuel has been considered to be the most suitable for desulphurization by microorganisms. Moreover, sulphide as pyrite is poorly attached to this coal that makes sulphur easier to remove from the fuel [Aytar et al. 2008] .
The capability of microorganisms to act on the fossil fuels have a great impact on the all mining industry. There are many different microorganisms involved in the elution (extraction) of various elements from coal, mainly throughout the formation of organic/inorganic acids. These microbial activities are promising to be efficiently applied in the mining industry for bio-beneficiation of low rank coals in the future [Rawling and Silver 1995] .
MECHANISMS OF BIOLEACHING
Both fungi and bacteria may affect the coal by mobilizing metals using three mechanisms: (1) the production of organic/inorganic acids; (2) redox reactions; and (3) the excretion of complexing agents [Krebs et al. 1997 ). The main inorganic acid that is found in bioleaching environments is sulfuric acid and it is created by sulphur-oxidizing microorganisms, mainly bacteria from the genus Acidithiobacillus (previously known as Thiobacillus). A series of organic acids are produced by bacterial and fungal metabolism subsequent in organic acidolysis, complex and chelate formation [Brandl 2001 ].
The effectiveness of bioleaching depends on many factors, both on the microorganisms involved and on the structure and composition of substrate to be leached, and also on physicochemical parameters of the material under bioleaching. The microbiological factors affecting bioleaching are as follows: microbial diversity, population density, microbial activities, metal resistance, spatial distribution, and adaptation abilities. In turn, the physicochemical factors include pH, temperature, redox potential, water potential, oxygen content and availability, carbon dioxide content, mass transfer, nutrient availability, iron (III) concentration, light, pressure, surface tension, and the presence of process inhibitors. Finally, properties of the solids are also important in the bioleaching process. These properties are the following: mineral composition, grain size, surface area, porosity, hydrophobicity, galvanic interactions, and the formation of secondary minerals. Bioleaching techniques have several advantages in comparison to chemical leaching [Krebs et al. 1997 , Brandl 2001 .
The metals can be removed from sulphide minerals by direct and indirect mechanisms of bacterial leaching [Bosecker 1997 ].
BACTERIAL BIOLEACHING OF COAL
Singh, Singh, Kumar and Singh (2012) used mixed bacterial consortium as an effective tool for removing toxic trace metals in sub-bituminous coal from Tarakan basin of Kalimantan (Indonesia). The data obtained showed that more than 80% of metals like Ni, Zn, Cd, Cu and Cr was removed, while Pb was removed only by 45%.
Desulfurization by microbiological methods involves the removal of sulphur compounds from coal using different microorganisms. The sulphur content most often varies between 0.05-7%. It may occur both in nonorganic compounds (sulphides, sulphates (IV, VI)) and organic compounds (alkyl, aryl derivatives of hydrogen sulphide). During combustion of coal the sulphur dioxide is emitted to air, where it can react with water and oxygen, leading to the formation of sulphuric acid (IV), (VI). It is widely accepted that high concentrations of sulphur in coal has a negative influence on its utilization. It has a negative impact on the environment due to the formation of acid rains. High costs of flue gas desulphurization prompted to look for other methods of coal desulfurization, including biological methods using microorganisms as key agents [Fecko et al. 2002 , Fecko et al. 2006 , Aytar et al. 2008 .
Mining environments seem to be relatively poor in the diversity of their microflora. Nevertheless, the microorganisms of these environments represent unique qualitative and quantitative compositions. There has been a significant increase in our knowledge and understanding of both the microbial biodiversity of mining waters and interactions between microorganisms inhabiting them [Johnson 1998 Moreover, it was demonstrated that the biodesulphurization rate decreased with increasing particle size in a hyperbolic mode [Erincin et al. 1998 ]. The desulphurization of coal from Mae Moh lignite mine (Thailand) by Acidithiobacillus ferrooxidans (ATCC19859) was conducted by Ruamsap and Akaracharanya [2002] . In this study A. ferrooxidans was able to remove 11.52% of the total pyritic sulphur from lignite under the optimal conditions. However, Polish researchers [Machnikowska, et al. 2002] tested the strain of Pseudomonas putida (obtained from the collection of the Institute of Immunology, Polish Academy of Sciences, Wrocław) for degradation of organic matter in lignites and subbituminous coals from Polish mines. The limited ability of this strain for coal organic matter degradation was demonstrated. Kisielowska, Hołda and Młynarczykowska [2014] presented the results of coal biodesulphurization in the Halemba mine (Poland) with the use of indigenous Acidithioba-cillus thioparus bacteria and taking into account the grain-size distribution and the amount of biomass. In this study A. thioparus was able to remove 30% of the total sulphur from coal.
DIRECT BACTERIAL LEACHING
The mechanism of the direct leaching relies on the oxidation process, in which electrons are obtained directly from reduced minerals. In this model, there is a physical, close contact between the bacterial cell and the surface of the mineral. Bacterial cells attach to the specific sites on the mineral surface. These reactions consist mainly of pyrite oxidation. Therefore pyritic iron (II) is oxidized to iron (III) sulphate according to the following reactions (Bosecker, 1997; Brandl, 2001 
INDIRECT BACTERIAL LEACHING
The indirect mechanism (non-contact leaching mechanism) generally consists of the oxidizing action of iron (III) ions that dissolve a metal sulphide. During this process, iron (II) ions and elemental sulphur (S) are generated. The adhesion of cells to the sulphide mineral is not required in this mechanism. Both the direct and indirect mechanisms may undergo simultaneously together with other physico-chemical reactions in all bioleaching systems. Nevertheless, the model of "direct" and "indirect" bioleaching still remains to be studied and discussed. Recently, this model has been revised and replaced by another one, which is not dependent on the differentiation between "direct" and "indirect" leaching mechanisms. The newly developed integral bioleaching model was described and discussed by many authors [Sand et al. 1995 , Sand et al. 1999 Sand et al. 2001 , Tributsch 2001 . The model includes combined "direct" and "indirect" bioleaching and can be characterized in the following way: at first, physical contact of bacterial cells with surface of minerals are needed, then the cells produce and secrete exopolymers (extracellular polymeric substances EPS). These exopolymeric cell envelopes contain ferric iron compounds which are complexed to glucuronic acid residues. This is part of the primary attack mechanism. During the sulphur compounds oxidation thiosulfate is formed as intermediate. Sulphur or polythionate granules are produced in the periplasmatic space or in the cell envelope [Brandl, 2001] .
There is some evidence of a beneficial effect of extracellular polymeric substances (EPS) on bioleaching process [Pogliani and Donati 1999 , Sand et al. 2001 , Kinzlera et al. 2003 ].
FUNGI BIOLEACHING OF COAL
Although much of the work on coal bioleaching has been attempted with various bacteria, relatively little data are available on coal bioleaching with fungi. The lignin polymer bears a strong structural similarity to lignite, so, it seems possible that whiterot fungi may use their lignolytic systems in the biodesulphurization of coal and/or petroleum. The lignolytic enzyme system consists mainly of peroxidases (manganese peroxidase (MnP, EC 1.11.1.13), lignin peroxidase (Lip; EC 1.11.1.14), and other peroxidases), phenol oxidase (laccase, EC 1.10.3.2), supporting enzymes (e.g., H 2 O 2 -generating oxidases) and the production of lowmolecular-weight organic acids such as oxalate, malate, malonate (Fakoussa and Hofrichter, 1999). During the oxidative desulphurisation of Turkish lignites with crude laccase produced by Trametes versicolor ATCC 200801, 35%, 13%, and 25% reductions were obtained for pyritic sulphur, sulphate and organic sulphur, respectively, in a period of 30 min. It is noteworthy that no change in coal calorific values was recorded [Aytar et al. 2011 ].
As mention above, the coal biosolubilisation by fungi is associated with the production of organic acids such as gluconic acid, oxalic acid and citric acid. Oxalates are responsible for the demineralization of coal by the formation of mineral salts. The HPLC profile revealed the presence of organic acids such as citric acid, oxalic The effect of the demineralization of Indian bituminous coal by the filamentous fungus, Aspergillus niger, was studied by Elcey and Manoj [2014] . The ash content in the coal significantly decreased (from 10.23 wt% to 5.21 wt%) during bioleaching by the above-mentioned fungus (Tab. 2). The changes in surface morphology, functional groups and structure were also studied [Manoj 2013, Elcey and Manoj 2014] . Elcey and Manoj [2013] also demonstrated that filamentous fungi, A. niger, A. flavus and Penicillium spp. were able to demineralize the low rank coals from India. Acharya, Sukla and Misra [2005] studied the degree of sulphur elimination from high sulphur Assam coal by the native fungal strain, Aspergillus sp. The strain eliminated 78% of the total sulphur content with coal grain size of 0.074 mm in 10 days of extraction time with 2% (w/v) pulp density.
In another study, the desulphurization by Alternaria sp. was effective on the lignite sample with the size of 0.106 + 0.038 mm [Aytar et al., 2014] . Phanerochaete chrysosporium (ME446) was tested for coal biodesulphurization by Gonsalvesh et al. [2012] . The bioleaching experiments were also carried out on Tuncbilek lignite, characterized by a high total sulphur content (2.59%). The lignite was treated with white-rot fungi, i.e., Trametes versicolor ATCC 200801 and Phanerochaete chrysosporium ME 446. The effects of different operating parameters such as pH, temperature, pulp density, incubation time, particle size on this process were evaluated. It was concluded that these fungi have good potential for application in the coal bio-desulfurization technology [Aytar et al. 2008 ].
Holker, Fakoussa and Hofer [1995] showed that the filamentous fungus, Fusarium oxysporum, was able to solubilize low-rank coal in the absence of glutamate or gluconate as carbon 
CONCLUSIONS
Among the natural resources, coal is the most important non-renewable energy source of fossil origin. Nevertheless, mineral matter and sulphur in coal place enormous limitations on its use. Conventional methods, to remove the mineral matters such as precipitation, filtration, ion exchange, adsorption, electrochemical treatment, etc., are unproductive when the additive concentration is very low in nature and the byproducts of any of these processes lead to another set of environmental pollutants.
Bioleaching application for coal enrichment by fungi, acidophilic autotrophs and heterotrophs is a valuable process to remove mineral content. Currently, most of the abandoned postindustrial and mine sites are recognized by the presence of microorganisms which can be isolated and screened in bioleaching of coal mineral pollutants. These abandoned sites contain the microbes those can tolerate very high concentration of different pollutants. These cells can be considered as suitable catalyst for industrial application of bioleaching. Such application can reduce the residence time and simultaneously enhance the economy of the process. In most of the bioleaching of industrial solid waste, the detail bacterial physiological role has not been established yet. Industrial waste containing different elements and how bacteria interact with individual elements need further research.
Therefore, looking for new, environmentally friendly methods of coal beneficiation is very important. Biologically based systems for the processing of coal continue to be a viable topic for scientific research and commercial development. Conducted analyses shown that use of fungi can reduce fly ash content up to 73% from initial value when treated with mixed culture of Aspergillus niger and Penicillium ssp. [Manoj 2010 ]. Such results causing significant reduction of ash concentration, improve value and quality of coals.
